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In this article, we demonstrated magnetic and optical force measurements using an ultrathin silicon
cantilever down to 20 nm or 50 nm in thickness. The cantilever was heated in an ultrahigh vacuum
for enhancing the Q factor and a magnetic particle was mounted at the end of the cantilever using
a manipulator. The vibration was measured by a laser Doppler vibrometer and its signal was fed to
an opposed metal electrode for electrostatic self-oscillation. An application of a magnetic field with
a coil exerted a force to the magnetic material, which results in the change of the resonant frequency.
However, the change in the mechanical properties of the cantilever, due to mechanical instability
and temperature variation, drifts the resonance peak. Force balancing between the magnetic force
and an electrostatic force in the opposite phase can minimize the vibration amplitude. From the
electrostatic force at the minimum point, the exerted force can be estimated. A magnetic moment of
4310220 J/T was measured by this method. The same technique was also applied to measure the
optical force of ;10217 N, impinging on the cantilever by a laser diode. © 2003 American
Institute of Physics. @DOI: 10.1063/1.1623627#I. INTRODUCTION
A micromachined cantilever has versatile applications
for sensing a small force,1–6 a mass,7–9 and a surface
stress,10,11 as widely used in scanning probe microscopy for
imaging physical interaction between a sample and a sensor
tip.12 Many approaches have attempted to minimize the noise
and raise the sensitivity for advanced sensing, including scal-
ing down,13–15 electrical Q control,16 and mechanical para-
metric amplification.2,17 Among them, the miniaturization of
the mechanical sensing elements is a promising method to
raise the sensitivity due to its simplicity. In general, a ther-
momechanical noise limits the sensitivity, which can be sup-
pressed by the scaling down. Recently, various kinds of ul-
timate sensing have been demonstrated by using micro- or
nanomechanical sensors, such as Chacimir force,3 nuclear
magnetic resonance ~NMR!,18 electrometer for single
electron,4 etc. Specifically, the application of NMR has been
paid great interest owing to its potential ability for the detec-
tion of an individual spin and its high resolution imaging, in
which a magnetic interaction between a sample and a magnet
converts to the mechanical vibration of a mechanical ele-
ment. Some challenging studies have been conducted for fu-
tures quantum computer system based on individual spin
detection.19 Mamin et al.1 had demonstrated sub-aN force
detection using a silicon cantilever in a low temperature.
However, this interaction force is quite small; despite many
efforts, the force sensitivity is still far from the individual
spin detection. Another interest in the magnetic force detec-
tion is the magnetometry of a small quantity of magnetic
a!Electronic mail: tono@cc.mech.tohoku.ac.jp5140034-6748/2003/74(12)/5141/6/$20.00
Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject tmaterials based on magnetic torque,5,20,21 resonance response
in a magnetic field gradient,22 and two-dimensional electron
system at the end of a cantilever.23
In this article, we demonstrate the magnetic force mea-
surement using an extremely sensitive resonating silicon can-
tilever with a thickness of 20 nm or 50 nm. The small force
sensor shows the actual sensitivity of an order of
10216 N/AHz. Force balancing between electrostatic and
magnetic torque can determine the magnetic moment of a
sample. The same method was extended to optical force
measurement.
II. EXPERIMENT
Ultrathin cantilever beams made of single-crystalline
silicon, with thickness of 50 nm and 20 nm were fabricated
by a micromachining technique. The details of the fabrica-
tion method are described in Ref. 24. Prior to the measure-
ment, the silicon cantilever was heated at 1000 °C for about
10 s in an ultrahigh vacuum chamber with a pressure of 2
31028 Pa in order to enhance the mechanical quality factor
(Q factor!.25 The cantilever was heated by flowing a current
into the handle wafer supporting the cantilever. The same
technique to prepare the high Q cantilever was applied to
sensing an adsorbed mass on a subpico-g sample, as de-
scribed in Ref. 8. To stabilize the mechanical properties, the
surface was exposed to atmosphere for oxidizing the surface
and reintroduced into the ultrahigh vacuum chamber.
Figure 1 shows the schematic of the measurement sys-
tem. The cantilever was actuated by applying an ac voltage
to a metal electrode situated above the cantilever using a
function generator, and the vibration was detected via an1 © 2003 American Institute of Physics
o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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size of 1.5 mm and a power of 1 mW. For the self-oscillation
of the cantilever, the vibration signal was fed to the electro-
static metal electrode via an amplifier and filter, instead of a
pulse generator. The vibration amplitude and the phase were
analyzed by a lock-in amplifier, and the frequency was mea-
sured by a frequency counter. A computer was employed to
control or acquire data from the above instruments via a
general purpose interface bus. For magnetometry, a small
magnetic particle was mounted on the cantilever by an elec-
trochemically etched tungsten needle with a precisely con-
trolled XYZ stage under an optical microscope.
III. MAGNETIC FORCE SENSING
A. Resonance response of self-oscillated cantilever
The spring constant k of a rectangular cantilever beam is
given by k5Ewt3/4,3, where E is Young’s modulus, and w ,
t , and l are the width, the thickness, and the length of the
cantilever beam, respectively. The fundamental resonant fre-
quency is given by f 050.162t/,2(E/r)1/2. Mass loading,
Dm , reduces the frequency to f 8, which is given by
Dm5
k
4p2 S 1f 82 2 1f 02D . ~1!
FIG. 2. Typical SEM image of silicon cantilevers on which a Fe particle
was mounted.
FIG. 1. Schematic of measurement setup.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject tUltrathin cantilevers can be used to detect a small force,
which minimal noise with a given bandwidth is expressed as
follows:
Fmin5A2kBTkDv0pQv0 , ~2!
where kB is Boltzmann constant, T is the temperature, k is
the spring constant, Q is the mechanical Q factor, and v0 is
the resonant frequency (v052p f 0). The presence of a de-
rivative force F8 modifies the effective spring constant keff of
a cantilever according to
keff5k2F8. ~3!
For F8 small compared to k the resonant frequency f 8 of the
cantilever is given by
FIG. 3. Schematic illustration of measurement setup for magnetic force
measurement based on resonance response by an application of an external
magnetic field gradient with a coil.
FIG. 4. ~a! Relationship of the magnetic field and the coil current at the
position of cantilever. ~b! Typical resonance spectra under various magnetic
fields.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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Next, consider a magnetic interaction between a sample
mounted on the cantilever beam and an external magnetic
field normal to the plane of the cantilever. If assuming that
the sample has a magnetic moment, mz , along a derivative
magnetic field, the force acting on the sample is given by
F5mz~]B/]z !. ~5!
We get the force gradient F8,
F85mz
]2B
]z2
. ~6!
From Eq. ~4!, this force gradient causes a frequency change.
A 20 nm thick cantilever ~the length is 15 mm, the width
is 7 mm! was employed to demonstrate magnetic force sens-
ing of an iron ~Fe! particle. The cantilever was electrostati-
cally oscillated by applying a voltage of 1.5 V between the
electrode and the cantilever, and the vibration amplitude was
measured to be about 1 mm at the resonance. The measured
resonant frequency ~before mass loading! and the estimated
spring constant were 122.6 kHz and 0.0007 N/m, respec-
tively. The Q factor of the cantilever was about 20 000. The
iron particle with a diameter of about 3 mm was mounted at
the end of the cantilever beam, as the typical scanning elec-
tron microscopy ~SEM! image, is shown in Fig. 2. After the
FIG. 5. Resonant frequency changes plotted as a function of the coil cur-
rent.
FIG. 6. Schematic figure for magnetic torque vibration.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject tmass loading, the resonant frequency changed to about 18.46
kHz, from which the mass of the iron particle can be esti-
mated to be 5.1310211 g from Eq. ~1!.
A coil ~50 turns of a copper wire! with a diameter of
about 13 mm was placed above the cantilever at a distance of
about 8 mm, as shown in Fig. 3. By flowing a current into
the coil, the magnetic field gradient can be applied to the iron
particle via the optical window. The magnetic field measured
by a Hall sensor at the sample position is plotted as a func-
tion of the current flowing into the coil in Fig. 4~a!. The
magnetic field was about 12 Gauss at the sample position
with a coil current of 1 A. Figure 4~b! shows the typical
resonance spectra, and the resonant frequency change is plot-
ted as a function of the coil current in Fig. 5.
For example, the resonant frequency at 1 A is about 6 Hz
higher than that without the magnetic field. According to Eq.
~4!, this force gradient F8 is estimated to be 24.6
31027 N/m, which corresponds to the force of 4.6
310213 N. The detectable frequency change was 0.01 Hz
with this cantilever using a measurement setup; therefore, the
resolution of the force gradient is to be 8310210 N/m. If the
correct value of ]2B/]z2 is known, the magnetic moment,
mz , can be derived from Eq. ~6!. By using a known magne-
tized sample as a reference, the magnetic moment will be
estimated.
B. Measurement of magnetic torque
With a 50 nm thick ~111!-oriented cantilever ~4 mm
thick, 9 mm wide, 38 mm long!, a magnetic torque force
loaded on a 1.5 mm diameter Fe particle was measured. The
Fe particle on the cantilever was magnetized along to the
cantilever direction by applying a dc magnetic filed of 0.6 T
using an electromagnet. The resonant frequencies of the can-
FIG. 7. Noise spectrum density of the Fe-mounted cantilever beam without
any external force.
FIG. 8. Schematic illustration of the force balancing between electrostatic
and magnetic forces.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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and 33 977 Hz, respectively. From the frequency change, the
mass of the Fe particle was estimated to be 1.3310211 g. It
should be noted that the Q factors of the cantilever beam
before and after the mass loading were 70 000 and 12 000,
respectively.
Under an external magnetic field B, a torque T acting on
the magnetic moment m is given by
T5m3B. ~7!
The component of magnetic moment parallel to the cantile-
ver causes the bending of the cantilever, as shown in Fig. 6.
In the fact, an ac magnetic field: B5Bac cos vt was applied
to the cantilever and the vibration amplitude caused by the
magnetic torque was measured by the laser Doppler vibro-
meter. Figure 7 shows the vibration noise of the cantilever
mounted on the Fe particle near the resonant peak without
any external force, and the equivalent force noise kA/Q
~where A is the amplitude! is indicated in the vertical axis.
Although the estimated force noise from Eq. ~2! is 1.2
310217 N/AHz, the maximal force noise at the resonance
was about 3310216 N/AHz, which is indicating that the
dominated noise source is not dominated by the thermome-
chanical noise of the cantilever. This measurement system is
not installed an isolation vibration system, therefore, a back-
ground vibration noise from ambient seems to limit the mini-
mal detectable force.
Generally, a force is detected by measuring the mechani-
cal response of a cantilever under an application of periodic
FIG. 9. Vibration amplitude as a function of driving voltage for electrostatic
actuation.
FIG. 10. Vibration amplitude vs phase between driving ac voltage and coil
ac current. At the phase of 45°, electrostatic force and magnetic force was in
the opposite phase.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject tforce. However, mechanical characteristics influence this re-
sponse in this method. Nonlinearity of the spring and drift of
the resonance frequency make the quantitative measurements
from the amplitude difficult. In this ultrathin cantilever
beam, a hard spring effect often appears and causes the mea-
surement errors.
In this experiment, two external forces were applied to
cantilever beam at the same frequency as shown in Fig. 8,
and the vibration amplitude was measured as changing the
phase or driving the voltage for electrostatic actuation. The
electrostatic force is generated by applying an ac voltage
between the cantilever and the electrode situated above the
cantilever at a distance of about 6 mm. The vibration ampli-
tude and corresponding equivalent force of the cantilever,
when only the electrostatic force was applied, was plotted as
a function of the amplitude of driving voltage that was fixed
at the resonance frequency, as shown in Fig. 9. However, the
nonlinear spring effect make this evaluation of force difficult
at large amplitudes .0.3 mm, where the obtained curve is
not proportional to electrostatic force ;V2.
Figure 10 shows the vibration amplitude as a function of
phase between the magnetic and the electrostatic driving
voltage, which exhibits a minimal value at the phase ;45°,
where the electrostatic driving force is opposite in direction
to the magnetic force at the minimal point. The equivalent
electrostatic force-to-magnetic driving force can be estimated
from an amplitude curve in which the driving voltage is
FIG. 11. The magnetic force of 531022 mT and electrostatic force was
balanced at the driving voltage of 0.57 V.
FIG. 12. Observed relationship of the magnetic force and the amplitude of
magnetic field.o AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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shown in Fig. 11. This measurement was performed at an
external magnetic field of 0.10 mT. The driving voltage
showing a minimal value in amplitude was 0.57 V, of which
the force can be considered to be same as the magnetic force.
Roughly estimated electrostatic force loading on the cantile-
ver at 0.57 V is 1.0310213 N. The measured driving forces,
Felectro , under various magnetic fields are plotted in Fig. 12.
The force is almost proportional to the external magnetic
field. This result is consistent with Eq. ~7!. The magnetic
moment parallel to the cantilever is calculated to be 3.9
310220 (J/T) by mz5Felectro3,/Bac , which corresponds to
a moment per atom of 2.360.2 mB , where ,535 mm is the
length from the fixing point of cantilever to the Fe particle.
Within the error, this corresponds to the known bulk value of
Fe of 2.2 mB at 300 K.
IV. OPTICAL FORCE SENSING
It is known that laser irradiation can generate mechanical
force due to light pressure,26 local heating, and photoinduced
stress.27,28 The measurement of optical force driven by a la-
ser diode was demonstrated by the same technique with mag-
netic torque sensing as described above. A laser pulse with a
spot size of 1003300 mm2, wavelength ,5680 nm, im-
pinged on the cantilever ~50 nm thick, 4 mm wide, 63 mm
long! at an incident angle of 60°. Figure 13 shows the vibra-
tion amplitude in changing the phase between the laser pulse
and driving voltage, which shows minimum value at phase
FIG. 14. Amplitude plotted as a function of the electrostatic driving voltage.
FIG. 13. Amplitude vs phase between the optical pulse signal and the elec-
trostatic driving voltage.Downloaded 09 Oct 2008 to 130.34.135.158. Redistribution subject t;0. The electrostatic driving force is opposite in direction to
the optical force at the minimum point, and the phase differ-
ence between the optical force and the electrostatic force is
almost 180° as well. Figure 14 shows the relation of the
vibration amplitude versus driving voltage, measured at
phase50. This measurement was performed at a total laser
power range of 10–30 mW and, considering the laser power
impinging on the cantilever, is roughly estimated to be 0.2
mW. The driving voltage showing a minimum amplitude at
0.16 V is considered to be same amplitude as the optical
force. Roughly estimated electrostatic force loading on the
cantilever is 3.7310217 N. The measured driving forces in
various pumping current are plotted in Fig. 15.
V. DISCUSSION
In this article, a magnetic force loaded on a Fe particle
with a weight of about ten pico-g situated at the end of an
ultrathin cantilever was measured. 50 nm thick or 20 nm
thick single crystalline silicon cantilevers were employed for
these measurements. The annealed cantilever showed high a
Q factor of above 10 000, and the detected force noise was
3310216 N/AHz after loading the mass. The resonant re-
sponse under an external magnetic field gradient showed the
potential ability of a detectable minimum force of 4.6
310213 N. The large amplitude of vibration causes a me-
chanical nonlinear effect in sensing. Using two kinds of re-
ciprocal forces can cancel the vibration amplitude, and the
nonlinear effects can be minimized. Using this approach, the
measurement of the magnetic moment of a Fe particle with a
diameter of 1.5 mm was demonstrated. The same technique
was extended to measure a light force impinging onto the
cantilever. It is expected that this approach can be extended
to other sensing for an extremely small force.
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